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ALSTR ACY

Charace collection from ion tracks in epi dicodes is investigated
Ly computler siwulations. As proviously noled by others, collected
charge can oexcceced charge Jiberstied in the cpi layer. Several
cascn are conpared to itlustrate the effects of changing ion LED,
cpio o doping densily, and doping typess. 11 i found that the n'}-p-
ptodiode Gisplays a funnmeling o cgime and o diffusion rcgime (ae
pmeviously noted by others), but the }1-: cnen’t diode doces not.
Simple wodels ary e proposcd for guantitative cstinates of colleet-
cd charge. A gualitative two-state picture of funmeling is dio:

cussed.,

1. The rescarch described in thics paper woes carriced out by the
Jet Propulaion laboratory, California Institute of Pechnology,
under @ contract with the Rational Aeyonautics and Space Adwind s
tration.




1, Jantryoduction

hodd et &, [1]) and bussaull ot &al. [2] presented g:(:]uplﬁe)'
simulalion r1esulis showing that charge collected in simple epi
diodes can oexceed the charge Yiberated by an ion in the cpi Jayor
(1the Dussaultl paper also presents cupporting experimental data).
Woe have run ouy own sinulations of this yppoblen and ouwr obsoerves
1ions are consistent with sone conclusions reached by bodd ot al.
and hussault ot al. bul a part colar formst for datla presentation
reveals additional conclusions thal can be used o derive sinple
guantitative estinstes of ccllected charge 101 a simple opi
diode. The diode is "simple in that there is only once uppol
Juncltion, and a sharyply defined doping pofile distinguicshes the
cpi Jayer from the substrate below. The doping is uniform in the

cpi layery and in the substrate.

An arhitrarily selecled bascline case is the cylindrically
symmelric problem shown in Figure 1. An ion track goes through an
cpi diode and charge collcected by the single upper junction iso
investigated. Other casess éye oblained by starxting with the
basceline case and changing cach of several characleristics, one
al o lime. Fach new case is compared 1o the basceline casce. The
bacseline case is first compared Lo a bulk version of the ¥Figurco )
Mmoblen. Then the cffect of changing ion lincar cneygy lransier
(1ET) e dinvestiocatled. The of fect of changing doping types is
investigated next. Finally, the effectl of changing the cpi doping

densily is investigatlced.

Ass alrcady pointed out by bodd ¢t al. [1], the nt. 11 },)'; diode
shows a clearly defined funnmeling yegime (carly tiwes) snd diffu-
sion regime (late times). bBul funneling (defined here as il was
originally defined (3]) doess not occur in the plonent gicac, al-
though 1tolal collected charge con be nesrly the same for the two
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A modeld is proposed for an upper bound estimatce of charge
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collected during the funneling regime in the n'-p-p' diode.
Another pyoposied nodel, applicable to both diode lypes, estimates
total collected charge. Experiwmental dela are consislent with the

scecond model .

2. An Over-View of Charge- Colleclion Physics

11 is inleresting to compare the physics of charge collection
in cpd diodess to that in bulk diodes because there arce as many
Similaritices as Qiffcrences. bul discussion of these siwmilaritices
requires some yather unconventional terwinology. Instead of
"funnels", emphasis is placed on voltages across scoveyal distinet
device r1egions, where the r1cegions thewselves are defined hy
carvier densities. The discussion below begins with an aticenpt to
diccouraqge usce of the conventional funnel terwminology while
simultancously reviewing the seguence of events that led to the
concept of a funncel. The discussion next introduces a more Jiter-
a) picture of funmeling in terme of several interacting yegions,
Finally, the discussion points out simidaritices and diffcelences
hetween the bulk and copi cascs. bBulk diodes are assuwmed until

stated otherwisce.

The 1981 Bsich, Murley, and O'Bricn paper [3) was tho first on
funneling and precsented computer simvlation results showing that
an alpha particle track through & depletion ycegion (DR) can causc
ithe DR 1o collapse so that some or nearly all of the vollage
normally across the DR s now coross the substirate. They called
this phenomena funneling. The papey intryoduced an “eguivalent
depth of collection™ as a convenicenl wmeasure of charge collected
by funnceling. The paper presented figures showing thsl there is
an cleciric field throughout the entire device, but the field is
weakest (cquipotlential surfaces are farthest apart) in the sub-
strale near the DR, and much stirongery near the bholtiowm of the

device. This is expectied in view of the fact that the track



contributes to conductivity. Note that a weak eleciric field can
produce a strong drift cwmrent in a highly-conductive track.
Unfortunately, many investigatlors failed to notice this, and
assumed that the substirate electyric field was strongest near the
DR. In facl, it was assumed thal there exists a drift region
adjacent 1o the DR having the property thal the substrate clec-
iric field is essentially confined 1o within this region. by
making the additional assumption that the drifi-region depth is
the same as the charge-collection depth, the picture of a funnel
cemerges. 1n this picture, a funnel is offec ively an extension of
the DR which contains a slrong electiric field that promptly

collects all charge contained wilhin,

The best-known paper thal used this picture (in a time- average
sense) for guantitative analysic is the 1982 Mcliean and Oldham
paper [4]). The same auvithors latler (‘x.(-(‘myc:(-d ithatl thce physicsl
picture is wrong for jons having a high 1.BE1T and short range,
because nost of the subsirale vollage drop is bhelow the track. An
cenpirical correction was made and presented in a 1986 paper [5).
The ssecond paper pointed out that the original model is s1i))
valid (quantitative predicltions agrec wilh mcecasurewments) for

alpha particles.

The success of the original nodel for alpha particles is, ot
Jeast partly, a result of a cancellation of errors. One crror is
ithe assumplion that the electric field is confined {o a deplh
cgual Lo 1the charge-collection depth. Another error is the fail-
wre to recognize that nmost charge colleclion occurs when the DR
iss partially recovered so thal much of the device vollage is
across the relatively narrow yegion occupied by a partially
collapsed DR. Taken together, these errors over-cestimate the
tine- average eleciric field strength in the substrate near the DR
by an amount grcecat enocugh to degrade the accuracy of any wodel,
unless there are compensating errors. Some compeling error is
provided by the use of field-dependent mobilities. A more accu-

rate field estimale wil) produce mobilities closer to the low-




fiela values than the values actually used. Another competing
crroy is that diffusion currents are neglected, as implicitly
inplied when assuming lhal carrjers move with a field-governed
drift velocity. biffusion is always important during funneling,
as discussed later in this section. 1t is interesting that Hua [6]
attenpted a more careful analysis. Hu also neglected diffusion
and assuned that carriers move with a drift vo]o(:jty.] However,
Hu recognized that the DR and a spreading resistance below the
irack cach support some of the voltage. But by eliminaling sowe
compensaling crrors, Hu obtained a model that did nol agrec with

experiment for n-iype subsirales [4].

Instead of Jooking for funnels, a wmore literal description of
funneling is oblained by recognizing that the diode contains
sceveral distinet regions that interact with cach other. By plot-
ting electron and hole densities, together on the same graph,
againsi a spatial coordinate, guasi-neutral regions are casily
distinguished from spacce-charge regions. Such a plol clearly
shows a reasconably well-defined boundary, the DR boundary (DRB),
separalting the DR from the guasi-neutral substrate. Funneling
occeurs when carriers genceratced in or near the DR are able 1o
flood it so that it partially (:c:]]aps:c:s:.?‘ A DR will be called
partially collapsed when the voltage it supports is significantly
less than it would be without the ion track. A partial collapse
always implies a reduced DR widtih, but the converse is nol neces-
sarily true. A reduced widlh does nol always inply collapsce as

defined here.

1. Another paper [7) compensated for this by adding twice the
diffusion current to Hu's result, bul recommended that the diffu-
sion current be calecwlated from a lincar diffusion eguation with
simple boundary conditions, which may not be good advice.

2. Carriers generated outside the DR can produce this state by
Aiffusing in to produce flooding conditions. This was predicted
theoretically under steady-state conditions [8)] and verified hy
comput.er simulations for transicent conditions.



So far there are two regions, consisting of the DR and guasi-
neuiral substrate. But the guasi-neutral substrale also divides
into two regions. A thecoretical steady-state analysis [8] pre-
dicted that a region would form, adjacent to the Jower electrode,
which is depleted of excess carriers and supports nuch of the
substrate voltage. Becausce of a small conductance (comparcd Lo
the high-densitly region above) and large voltage drop, this was
called the Qigh»resjstanco region (HRR). A strong electric field
prevents minority carriers {from entering this region and guasi-
neulrality insures that there are essentially no excess majoritly
carriers. The region is self-sustaining; the low conductivity
resulis in a strong electlric field that maintains the low conduc-
tivity. Compuler simulations show a similar effect under tran-
sient conditions. 1n this case, the HRR is the region below the
irack (if the track is long enough 1o reach the lower electrode,
the lJower end will guickly clear away so that an HRR can forwm).
Such a region is clearly visible in plols of potential, showing
much of the substrate voltage {o bhe across the Jow-conductivity
region below the track, with a conparatively weak electric field
along 1he irack. Such a region can also he identified by plots of

carrier density, showing an abscence of downward diffusion.

The device voltage is divided between three regions (lhe DR,
the HRR, and the gquasi-ncutral substrate scction belween them)
and the anount of voltage across cach region is dgoverned by an
interaction hetween the regions. Therefore the extent of DR
collapse depends on dglobal conditions and is not uniquely deter-

mined by carrier densities in 1he inmediate vicinity of the DR.

The above statement is illustrated by computer sinulation
resulis comparing a bulk version of Figure 1 (same as Figure 1
cxcept that the p% substrate is replaced by a continuation of the
cpi, and the "epi" is now called the "substirate") to an identical
problem except that the ion track lenglh was increased to 100 pw
(the track reached the lower elcectroede). Simalations of the long-

track case showed that the lower track end gquickly cleared away
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s0, excepl during the very earliest times, it still makes sense

to talk about an HRR below the track. bBut the HRR is very narrow
for the Jong-track case and supports only a small voltage. In-
stead of a large voltage here, the DR quickly but partially
recovered so that it supporied a grcater fraction of the device
voltage. As expected, the long-track case produced a larger
current during the short time prior to partial DR recovery. But
after a very short time, the DR for the long-track case respondeod
to global conditions (a small substrate resistance) by supporting
more of the device voltage so that the currents for the two cascs

becane nearly the same.

A nore extreme case of a DR recovering in response to global
conditions occurs when there is virtually no funneling at all.
The Mcliean and Oldham model never gquestioned whether funneling
actually occurs, i.e., whelher a DR is significantly collapsed.
Charge-collection depth was related to chardge collected until the
time at which the excess carrier density at the DRB drops down to
the doping density, and the model sinply assumes that funneling
is full strength (all of the device voltage is across the charge-
collection depth) during this tine. 1t will be scen later that
there are conditions such that the DR can support virtually all
of the device voltage (no funneling) even when the carrier densi-
ty at the DR boundary (DRB) greatly cexceeds the doping density.
The reason that some casces are more prone to funneling than
others is easier 1o visualize from the gualitative discussion in
Section 11. The most rigorous guantitative analysis (not a com-
puter simulation) addressing this subject is presented in Refer-
ence [8], which solves nonlincar partial differential cguations
in three dimensions. The analysis applics to steady-state condi-
tions, which can be obtained when photon irradiation replaces an
jon track, but the steady-state problem has much in common with
the transient problem. Many predictions from this analysis were

verified by simulations for the transient problen.

1t wasstat edearli er that diff usioni s always import ant duri ng



funnel i ng and an exp)l anat i on is now gi ven. To the extent”. that the
DRB can be approximted as stat ionary, it blocks the majority
carri er current. when the DR i s ~c’verse'cl-hi ased . Thi s means that.
maj ority carrier drift and diffusion currents have the same
absolute values at the DRB. Under high-density conditions (de-
fined by the carrier density grestl Y exceeding the dopi ng density
i N the quas-neutral region), the electron ant] hole densit ies are
nearly equal i n the gquasi-neutral region, so the mnority carrier
drift and dif fusion currents are also equal at. the DRB (but they
add I ns tead of subtract. ) . 7The 1 atter two current s are equal ly
important ant] one inp] i es. t he ot her.

Unf{ ortunatel Yy, the conclusiont hat minority carrier dri f't ap -
proximal ely equals m nority carrier dif fusi on under high-density
conditi ons at. the DRB does not inply that. the m nority carrier
current i S easy to calculat e. The di f f usi on current i s not neces -
sarily the same as predicted by @ li near di f fusion equat ion. A 1
cases define di ffusi on current t o be proport i onal to the gradi ent
of the carrier densit y f unction, hut. t hi s gradi ent depends on
whether the densi t y functij éngoverned by the 1 1 near di f fusion
eqguat j é)n or by a more comnpl i cat ed sct of equat ions. However , when
1ooking at a suitably restrictedde vice regi on, wl someti mes have
the opt i onof using a 1 inear aif f usion equat ion wit h modi f ie a
boundary condi ti ons as an approxi mt ¢ al te rnat ive to a nore

conpl | cated equation W t h simpl ¢ boundary condi tions [ 8] .

ppi di odes, 1 ike bulk di odes, can be part. i tioned i ntodisti nct
regions, but there are four regi ons for the epi case. There i s a
DR, a dguasi-neutral epi sccl i on, a space- charge regi on (denot. ed
HI) associ at ed W tht he epi /subst rat e hi gh - 1 ow juncti on, and the
guasi - neut ral substrat ¢ bel ow t he 1]], . Conputer simulati onresul ts
show that the H1, p] ays the same rol ¢ I n epi di odes as the HRR i n
bul k di odes. Most of the devi ce volt age i s usual 1y shared by the
DR and HI,, with only a smal l volt ade across the j on track j n the
guas i -neutr al epi regi on (and almost no vol t age across the heavi --

1l y~doped quasi ~necut r-al subs trat e regi on). The potent i a] profile



in an epi djode is gualitatively similar to that in a bulk diode,
but with the HI1, subst it uting for the H RR. Thi S produces somne
simi larities in the charg e-c 0l 1 ect ion physics for the two cases.

An inportant. di fference between the epi and hulk cases IS that
the asynptotic value of col lected charge, denoted Q(w) , is sinple
to cal culate f-or the epi casc, at. 1 east f or the reverse-bi asing
conditions that, have been considered. Agreement W th computer
simul ati on re sults i s obtai ned by assumi ng that charge 1 ow f rom
the heavi ly-doped substrate to 1 he epi i S governed by minorit y
carrier diff usi on. But this js not enough to make Q («) simpl €.
The simpl i fyi ng observat ion i S that the mnority carrier density
at the epi/substrate boundary i S smal l compared to the density i n
the subst rat. e interior, i . e., thi s boundary i s sink-1ike f or
mi nori Ly carriers. This uncoupl es i nteract j ons i n the sense that
mnority carrier flow from the subst ratet othe epi is i ndepend-
ent of conditions in the epi . Funneling influences the time
pro file of col lect ed charge by i nf 1 ucnci ng the rate that carri ers
i nthe epi are collected, but i 1 does not affect the nunber of
carri ers that enter t he epi f romt he Substrate . This number i s
added t o the nunber of carriers 1i berat edi n the epiio obtain

Q(») , and the result i s validwi t h or without f unnel ing.

The stat ements made i n thi s over - view are easier to vi sual | ze
if I 1lust rations are given. Sect jons 4 through 7 provide such
I 1 lustrati ons. The charge-col l cclion physics W 1 1bhe di scus sed

again, but in more det ail, in Scct jons 8, 9, and 11 .

3. Carrier-Carrier Scat tering

A theoret ical analysis [ 9] concl udes that. a consistent trea t-
nent of carri er-carri er scatt ering (CCS) re quires that. t he Ein-
stein relation, relating diffusion coef f i cients to mobi 1 it ies, be
modi i ed. The modi f ied Finstein relat ion results in the ambi pol ar

di f fusj on coef f icient being unaf f ect ed by €CS. Thi s concl usi on
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could be intuit ively guessed if" we think of am bipolar di ffusi on
as g process |N which elect rons and holes nove together. 1n
reality, e] ect rons and ho] es nced not nove together durj ng anbi -
polar diffusion [8,10, Section 8 of thi s paper] . But they do in
some special cases and that is good enough for thi .s di sc us si on.
W could have guessed that ¢CcS would not. affect ave.rage carrier
mot i OnN when both types of carriers are already thermal i zed and
have the sane average moti on. 7o the ext ent that an ion track
evolves Via ambi polar di ffusi on, the time evolution of the track
shouldnot be af f ected by ¢ccs . Bul fai 1 ure to modi f y the E i nstein
rel ati on can (dependi NQ on the CCS model ) 1 ead 10 extreme predi c-
ti ons, such as a track being "frozen" as if the carriers were
immobi 1 e for an extended time. 11 may be better- to not use CCS at
al 1 than to use it. j nconsi stent 1y,

The best. approach for comput er si nmu] ati ons j s, of course, to
include CCS consi stently . 1 t ] s speculated that. the second-best
approach, whi ch should correct 1y predict track evoluti on, is to
consistently negl ect CCS, whi le the worst approach, whi c¢h can
predi ct frozen tracks, j S to | nclude ccs insome equations but
not c)t.hers. We are using ar) old version of Pl scrs that- fol |l ows
t he second- best approach.

4, Computer Simulati ons of the Basel i ne Case

The P1SCES predi ct i on of col lected charge for the Figure! 1
arrangement 1 S shown i n ¥i gure 2. The figure a so shows col 1 ect ed
charge for the bul k versi on, whichis the same as ¥i gure | except
that. the p" substrate i s repl aced by a conti nuat ion of” the epi
layer-. The hori zontal 1 i ne i s the charge 1) berat ed in the epi
regi on. The epi versi on producess a 1 arger current at earl y tines,
al though total col 1l ect ed charge i S reduced. However, the t.eta]
col 1 ect ed charge does exceed the charge 1 i bera ted in the epi
layer. 1 n this case the 1 atter two charges dif fer by about. a

factor of 2, a1 though this isnotaun | ve r sal nunber . pussaul t et
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al . [ 2] have found that total col 1 ected charge depends on sub-
strate doping, and can range from one extrene (as much as the
bul kK device) to the other (charge 1 iberated in the epi)

The epi and hulk curves in Figqure 2 are qual itatively simlar
to those in the corresponding 1 igure presented by Dodd et al
[1). As already poi nted out by Dodd et al . , the corner in the epi
device curve (O 9 ns in Figure 2 of thjs paper) is the transition
between funnel i ng and no funnel i ng. This IS the time at which the
DR IS compl etel Y recovered. A correspondi ng corner 1S not. visible
in the bulk devi ce curve because DR recovery IS much sl ower and
the transiti on i s more gradual . 1Two addit i onalt imes, denoted t,
and t, in Figure 2, were sel ccted for a detai l ed look at. condi --

tions in the epi device.

Time t,; (0.366 Nns) i$S the time at which t-he epi and pulk de -
vi ces in Figure 2 produce the same current . After this time the
epi devi ce produces the smal 1 er current., and pri or to this ti nme.
the epi device produces the 1 arger current . This i s al so very
close to the time at. which the epi devi ce col 1 ect s an anount. of
charge equal to that 11 berat ed i n the epi 1 ayer ( j t i S not yet.
known whether or not this i S an acci dent. )

Several devi ce regi Ons at t ime t, are ident ified by €] ect ron
and hole densi ties. ¥igure 3 p] ots these gquanti ti es as a functi on
of di stance on the axi s of symmetry (the track) . For such 1 arge
carri er dens it. i esinthel ightly doped epi 1 ayer, quasi -—ncutral i -
ity 1S easi 1y identi fied by the condi tion that the el ect ron and
hole densities are nearly egual . The f i gure shows a quasi -neutral
se cti on of the epil ayer and a space chardge regi on (the. DR), with
the two regi ons separat ed by a reasonabl y we] 1 -def i ned boundary
(the! DRB) . On the other si de of the quas i -neutral epi scct ionis
anot her- space charge regi on associat ed with the high-1 ow junction
(HL) . The two regi ons are separated by another reas onably well -
def i ned boundary (the first. Hl, boundary or HIB1) . On the other
side of the H1, i S snot her guas i -neutral regi on . 1n this heavily

11



doped region, quasi -neutrality is identi fied by the condition
that the hole density is approximatel ¥y the el ectron density plus
the dopi ng density. Thi s region is separated from the HI, by the
second HI, boundary HI.B2 . The terminol ogy used in thi s paper
regards the epi layer as the union of three regions: the DR
(above the DR B), the quasi -neut ral epi region (between the DRE
and the HiB1) , and the H1, (between t-he H1IB1 and the HIB2) .

The potenti al at time {5 is p] otted as a function of di stance
along the axis of symmetry in Figure 4 . The figure also shows
pot enti al dif ferences between vari ous boundari es. The potenti al

differences must add up to the applied voltage plus built -in

pot ential , so the sum exceeds the applied 5 volts. 1t 'is seen
that the DR supports 1 ess than ha] f of the tot al VO tage. The DR
wWill be said to be partially "“collapsed" when the supported

voltage 1is significantly less thanit. woul d be without. the ion
track, so the f-i gure shows a partial 1y col 1 apsed DR Note that
the DR width i s al so reduced. Figure 3 shows the width to be
about O. 6 um. W thout ani ont rack, t he W dth woul d be about. 3
pm. 1f the strength of” funnel j ng i S measured by the ext ent of DR
collapse, then funneling i s st ] 11 strong at time t; even though
the col 1 ected charge has al ready reached the val] ue of” t he charge
1 ibverated i n the epi 1 ayer. Figur e 2 al so0 suggests that funnel i ng
is sti 11 st rong at this time. Note that there is very little
vol tage across the guasi-neut ra] epi regi on. However, even a weak
elecctric f i el d produces st rong drift cur-rents i n a highly con -
ducti ng track, arid the current at tine. t;i s large,as impli ed by
Figure 2. As poi nted out i n Section 2, the pot. ent ial profi 1e
shown in Figure 4 is gualit altively similar to that f’or bulk
devices, but W th the HI, subst i tut i ng for the. HRR.

Time t, (1 . 19 ns) is the timre at. which the curre nt f or the
basel ine problem is at a relative mnimum charge colle ctioni s
sti 11 occurring, but. at. a reduced rate.. Carrier densit ies and
pot ent i al are p] ot ted i n ¥igurcs 5 and 6. Most of the carri ers
have been removeda from the epi 1 ayer . 7The DR has recovered and




supports ncarly al 1 of the device voltage. Funnel i ng has stopped.

5. Computer Simulations of a Reduvced LET Case

P1 SCES was run again for a prob 1 em that is the same as Figure 1
except. that the i on LET was changed from 40 t o 1 Mev~cmz/mg.
Collected charge is plotted as a function of t ime in ¥Figure 7 .
For compari son purposes, the basel ine case was normal | zed by
dividing by 4(1 and p] ot ted on the sane graph . The 1 ow-1. ET curve
shows a corner that IS just as pronounced as that seen for the
high ~1,kT case. The collected charge up to this corner i s by
funnel i ng, and exceeds the charge 1 i berated i n the epi 1 ayer, but
only slightly. Wen conpari ng the hi gh - and 1 ow~1LET cases, we
find that the asynptotic values of Q are necarly in therat. i 0 of
the 111.'1's . But the 1 ow-1, ET' case: results j] n a faster DR recovery,
so this ratio i s not observed at some definite but. early time.
For exanple, at 0.1 ns therat jioj s shout 24 instead O 40. 7wo
additi onal tinmes, denoted t, ant] t, in the figure, were selected

for discussion.

Tine t; (O 135 ns)is thet ime at which col 1 ected charge for
the reduced 1.ET case equal S that liberated in the epi |ayer.
Carri er densities and potential s are p] ot ted in Figures 8 and 9.
1t j] s seenthat. the DR is part ial 1y co] 1 apsed and funnel ingi s
occurri ng. As with the high -1, FT' case at the correspond ng tine,
sonc of the epi ] ayer vol tage i s across the HI . But, compar ed to
the hi gh-1kT case, , the 1 ow-1.ET cas .c shows a much smal 1 er conduct-
ance in the gquasi-neut ral port ion of the epi 1 ayer, and thi s
regi on Supports a great er vol tage and a greate r frac t i on of the
total epi ) ayer vol t-age. Time t , (0.399 ns) is the tine at. which
the current f or the reduced 11ET case j s at a relat ive minimum 1t
is not necessary to include detal led plots for thi s time point,
because they merel Yy conf i rmthe expected result , that the DR is
recovered and the popul at. i on of e} ectrons i n the epi layer i s
nmuch 1 ess than at time t, .




1 Diode

6. Computer Simulations of the p'-n-n
Pl SCES was run again f-or a probl emt hat isS the same as Figure 1

oxéept that p--types and n-types are j nt erchanged anti the pol arity

of the appli ed vol tage i s reversed. Col 1l ect ed charge I S pl otted

as af unct ion of’ time in Figure 10, whi ch al so shows the basel i ne

Case? . The most not i ceabl € charact eri st J ¢ Oof the new curve i s that

charge col 1l ectionis at a reduced rat e and there i S no corner

marki ng the end of the funneling regime. FEven t-he am ount of

charge j ni tially li berated ] nt he DR (3 pm wort h of” track | ength)

is not. "prompt" (an expla nati on | s given in Sect ion 8). The only

way to determi ne the time at whi ch the DR recovers i s by 1 ooki ng

at. potent. ialprof i les at varj ous times . Such an j nspect i on has

found that the DR recovery time IS roughly 10 psS. Negligible

charge col lection has occurred upt o thist ime,i . e , f unneli ng *“

plays no significant role, as di scussed i n more detai 1 bel ow

Yor compari SOn purposcs, t ime t f or the pY-117 ai ode was
sel ecte d to conform t-0 t; for the baseline case. The nearest
avai lable tine point. i s 0. 377 ns. Carrier densiti es and pot enti al
at. this time are plotted in ¥Figures 1 1and 1 2. The pot ent 3alj n
Figure 12 i s plotted wWith a reversed sign so that the figure wll
J ook more 1 i ke previ ous f-j gures. The HI. is 1] coded so t hat wi dth
and volt age are negl ] gib] y small. 1 nstecad of two boundar | es (}11 m1
anti HIL2) , the HI region IS represented by a single line in
Fi gures 11 and 32. The DR support s near] y a] 1 of the device
Vol tage? at tinme t, and at al 1t imes 1l at ert han1 0 ps, consi st ent
Wi th the assert | ont hat funneli ng has no significant role.

condit i ons resembling those shown in Figures 11 and 12 have
been predi ct ed theoreti cal ly. 1t | s possible to predi ct. a neces -
sary condi ti on, expressed in termns of the spat i a] di stribut ion of
carri er gen erat i on, for f unnelj ngtooccur . 1 f“t heconditioni s

not satisfied, the DR'W 11 not col 1 apse even whent he carrier

14




density at the DRB greatly exceeds the doping density. Figures 11
and 12 illustrate a DR that. has resisted collapsing under such
condi ti ons (they al so show that a reduced DR width does not. imply
a col 1 apse as define d in Section 2) . It. may be surprisingthat. a
DR can resi st coll apsing under high-densi ty condi ti ons, hut thi s
was t.he.oreti.tally predicted [8] before being observed in P1 SCES
results. 7he analysis al so s} rows that the DR is npost. able to
resist col lapsing when the substr ate i s n-type. . Howcver, the
analysis appl ies to steady- state conditions ant] a transient.
anal og remai ns to be worked out . 1 f the steady-state analysi s can
be trusted for this transient prediction (this remains to be
verified) , funneli ng in p4 -n-n" epi di odes shoul d be uni nportant
whenever the epi thickness IS smal 1 enough so that ion LkT IS
nearly unj form throughout the epi 1 aye r. Funneli rig nmight be
inportant. if the epi thickness significantly exceeds the trac k

1 ength .

7. Computer Sinmulations of an 1 ncreased Dopi ng Case

Going back to the n' -p-p* dio de , PI1 SCES WAaS run again for a
problem that. i s the same as Figure 1 except that. the epi dopi ng
density was changed from8xl 0°4 to 1 0% cn'? col 1 ccted charge | s
p] ott ed as a functi on of time i n Figure 13, whi ch al so shows the
basel ine case. 1 nste ad of showi ng a sharp corner , t he new curve
] s a compromi se between the ¥igure 10 (no funnel i ng) curve and
the basel i ne ( strong funnel ] ng ) curve, suggest. | ng that f urine] i ng
is marginal for t-hi s casc.Thi s assert. j on can be verif i ed by
1 ooki ng at. condi ti ons inside the device. Time t ; was sel ected to
conf orm to time ty; for t he bas ¢l ne case . The nearest avai | abl e
time point is O 363 ns. Carrier densit i es and pot ent i alat this
time are p] ott ed in Figures| 4 and 1 5. The DR | S ne arly j ntact
and support s nearly a] 1 of the voltage, | ndicati ngt hat. f urine] | ng
j s very weak .

1t might have been guessed that funnel ing would be weak for
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this case, because the ratio of track density to doping density
I S reduced (conpared to the base] ine cas e) so n onl i near effects
shoul d be reduced. Although the guess agrees With Pl scks results,
the reasoning behi nd the guess is wrong because the reduced 1LET
case had an even smal ler rat io of 1L.LET to doping density, but. it
sti 11 had a strong funnel ing r egi me. A better explanation is
given in Sect.ion 11.

8. A High-Density Model for @ (t r)

net . t,. denote the time of DR recovery, i e ., the time over
whi ch funnel I ng occurs. Two val ues of col 1 ect ed charge t hat. may
be of i nt erest are the valueup tot i me t.,., Q(t. r) , and the' total,

Q(w) ., This section treats the f ormer value. 9his quant ity is only
meaningful for the n' -p-p?' di ode, so that. is the case consi dered.

A model f-or cal culat i ng Q(t )i s ecasily derived from a number
of approxi mati ons based on the assunpt i onsuggest ed by Fi gure 3,
of high-densi ty condit ions, | .e., the carrier densities in the
quasi -neutral epi region great 1 y exceed t he doping densit y unti 1
nearly al 1 of Q(t,) has, been col 1 ect ed . One requi rement for t he
assumptions to be valid is th at the ion LET be sufficient ly
1 arge. The cal cul at ed value of’ Q (t. ) W 11be f ound to exceed the
charge 1 i berated in the c¢piy cgion, 0y ;p - Therefore another
necessary condi tion f'or the assunpt i ons t obevalidi st hat t he
track 1 ength and substrate di ff usj on 1 ength both he 1 ong enough
so that the subs trate can supply carriers to the cpi region fast
enough to mal nt ain t he assunmed high -density conditions unti )
nearly all of Q(t,) has been coll cct ed. The assunpti ons W 11
obviously fai 1) f the track 1 engt h or substr ate dif fusi on 1 engt h
are so short that. the tot al char ge avai 1 abl e, 0 (x) (cal cul ated i n

the next section) , j s 1ess than Q (t,.) cal cul at ed here. kxpect ed
devi at. 1 ons of actual col 1 ret.c’d charge from model predi ¢t j ons are
di scussed at theend of t hi s sect i on. ¥ror thet i me bei ng, hi gh -

densi ty condi ti ons are taken f or granted.
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The assunme’d high-density cond it ions over the reguired time
inmp] icitly inp] y that. the substrat ¢ i S abl et o supply an adequate
nunber of’ carri ers to the epi region. This is al 1that. needs to
be said about the substrate. A complet e set. of equati ons for

calcul at. I ng Q(t,) can be deri ved by confi ni ng our- attenti on to
the quasi -neutral epiregion, whichisS the regi on bet ween the DRB
and the HI Bl . |[|’here are ei ght rel evant current component s: g cc -
tron and ho] e, drift ant] daiff usion, at two boundaries . These

CQurrent. components are shown i n ¥Figure 1 6. The subscri pts have
obvi ous i nt erpretati ons. Arrows i nt he f i gure show the di rec tion
that each current refers to, and the di rect ions are chosen SO
that each of’ the eight components i s a pos it ive quant | ty.

We start. w tht he simplest. equati ons . H gh - density condi tions
are assunmed at the bhoundari es, as wel 1l as in the int erior, so
gquasi-neutral ity inp] i es that t he elect ron and hol e densi ti es are
nearly equal and have. near] y egual gradi ent s at t he houndari es.
Thi s means that el cctron ant] hol ¢ dri ft currents arei ntherat io
of the mobi 1 it i es, ant] el ectron and hol ¢ di ffusi on current s are.

I ntherati 0 of t hemobi 1l it I es. 9he f irst four equat i ons are

Th,arirt,p = (Bn/He) Te arift,p (1a)

Th,aire,p = (Bh/ke) e airr,p (1b)

Th,arirt,n = /i) Te arift,n (1c)

Ih,airr,n = /Re) Te qirr,n (1d)

The total current flowing into a guasi-neutral region cquals the




total current flowi ng out, so another eqguati on is

le,arift, b e, airr, p ' Th, arift, p *h, airf, D~

o, arirt, n e, aifr, n ¥ vy, arirt ,n In, airr, B (2)

A theoret ical steady-st ate analysis [8] has shown that , for
bulk devi ces under hi gh- densi iy condi ti ons, there i S an HRR (see
Sect ] on 2 ) and another region al ove that |s charact eri zed by a
1l arge carri er density and weak e) ectri ¢ fi el d. 1 t was shown that
the carri er density i s governed by the ambi pol ar di f fusi on equa -
tion in this region, hence the regi on was call ed the anbipol ar
region (AR) . Figures 3 and 4 show simi lar regions, with the HI
resembl i ng the HRR ant] the quasi -neutral epi region resembl i ng
the AR 1t is post ulated that the carrier density in the quasi -
neutral regi on i s governed by t he ambipol ar di f fusi on equati on.
Not e that this equati on, Wwhi ch describes only thel carrier density
functi on and not carrier f low, does not inp] y that carrier mot j on
is by diffusion. Differentdrif t-assi st e¢d current densit i es can
be compatible with the sane: carrier density funct ion if the
currents have the same di vergences (a 7, divergence means  that.
carri ers 1 eaving a volume ¢l enenl are repl aced by others movi ng
in) . ~herc!'f’ore!l, by postul ating the ambi pol ar dif f usion equat ion
in the guasi-necut ral regi on, we are not ruli ngout. drift cur --
rents. kKven weak el Pet.ri ¢ f i el ds produce strong dri 1 currents i n
high-density tracks. Also not e that a 1 incar dif fusion equat ion
is post ulat ed for t he carrier density (not. carrier f 1ow)even
though earli er di scussion (Section 2) st ated that. t hi s may not he
appropr iate. The cat c¢ch, for bulk devices under stecady- state
condi tiens, i s t-hat. the equat ion can onl y be used 1 f boundary
condi tions are nodj f ied to account for HRR wi dt h . 7This IS an
al ternati ve (as pointed out. i n Sccti on 2)t o a nonli near equati on
with simpl er boundary condit i ons . Epi devi ces are sinpl er because

the HLB1 i s al ways at. nearly the sane 1 ocat ] on . But we shoul d




assune carri er-densi ty bounda ry condit j ons shown ] n Figure 3 as

opposed to Fi gure 11.

The above postul ate makes the carri er densit y gradi ents (and
diffusion currents) solvable, except for one compli cat i on . The
DRB is noving. From the point of view of minority carriers, the
DRB resenbles a vacuum cleaner nmoving down (to the right in
Figure 16) . A moving vacuum cl eaner col 1 ects more carri ers than a
stationary vacuum cleancr. Thi S i S consist ent With Figure 3,
whi ch inplies a larger gradi ent near the prr than at the HiRi
(logarithm c scales obscure visual inpression of s] opes, but. the
sl opes do compare as st at ed) . Fromt he poi nt of Vi ecw of najorit y
carri ers, the DRB IS a barri er t hat pushes them al ong i n front of’
it. as it. moves. This produces a majority carri er current at the
DRB . DRB noti on al so affects {he rel at. i onship bet ween €] ectron
current surface i ntegral s anti the rat e of ctian ge of the nunber- of
electrons contained in a vol ume. There can he a rat e of change
without any current if the volume changes. 1 f we negl ect the
i nf 1 uence of DRB not. i on on currents, we obt ain one error . If we
negl ect the |1 nfluence of DRB wot i on on the conservati on equat ion,
we obt ain a second error . 1t can be sh own that the two errors
partial 1y (not completel y) cancel , suggest i ng t hat. we may obtain
an adcquat ¢ approxi mati on by pret ending t hatt he DRB I S st at i on-
ary.

A geometric sinpli f jcatjon j s to assume that. the track hit s
near the center of the. DR and that the br 1 at. co0-a] dime nsi ons are
al le ast as 1 arge as the epil & yer thi ckness. Thi s makes the
di ffusion problem guasi-one-dimensi onal (variat ions wit h lateral
coordi nates can be el minat ed by i nt egrat ing wit h respect to the
lateral coordi nat es) . The carri er densiti es at. the DRB and HIBI
are assumed great er t han the doping densit y but., as suggest ed by
Figure 3, st 1 1 small compared to the density in the guas i -
neutra 1 epi  int erior. For the purpose of cal culat. i ng gradi ents

fromthe di f fusion equat i on, bot h boundari es can he regarded as
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sinks. ! With the DRB assumed st at ionary, the! symmetry of the
boundary value problem impl i es that

Te,aiff,p * 1o, aiff, n- (3)

Not e that we could go a St ep further and use the ambi pol ar di ffu-
sion equation to expl icitly evaluate the t 1 me integral of each
side of (3). But. the resul ting equat i on wi 1l 1be alincar conbina -

tion of the equat ions already 1 i st ed ant] those stillt o cone.

A st ationary DRB al so blocks the hole current , so another

cquation i S

Th, arift,p ~n, airr, o - (4)

The final equation i s conservationof electrons. Ignoring
recombination in the epi region, the time integral of the elec-
t r-on current at the DRB mi nus that at. the HIB1 i s eguat ed to the
change in the number of electrons in ithe guasi-neutral epi re-
gion. The final number is nedgligible compared to the initial
number, so t he change in the nunber of e.] ectrons i & simply the
initial number. But it may not be obvious what the initial number
Is, because the track 1 i berates carriers not only in the guasi -
neu tral epi region, but. al so ] n the DR and HI.. 17t i s conveni ent
t ovi sual izethe track as beil ng creat ed inst ant ancousl y . We can

let t= 0 refer to any conveni ent Lime aft er t het rack formati on,

1. This i 1lustrat est he fact t hat t he ambipol ar di ffus i onequa -
tiondescribes only the carrier den sity f un et j on, not carri er
flow. ¥lec tron flow at the H I.B1 is direcc ted into the., guasi -
neutral epi region, not out . 7The HIB1I s not a sink f or el ec -
Lrons, it. is a source. 1t can bec reqarded as a sink only for the
purpose of cal cul ati ng carri er density gradients fromt he dif fu-
si on equation.
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providing that there is negligible charge col lect ion at. the
device termnals up to this time. To avoid the necessity of
considering a rapi dly moving DRE (i f the DRB i S even defined
duri ng DR coll apse), it. is convenient tol ett:- Obet he end of
the col lapse stage and the beginning of the recovery stage. Tet
t: 07 refer to the time of track formation, before the DR has
col 1 apsed. At thi S time the DR is the same region as the pre-ion-
hit DR. The track is electrically neutral (an equal nunmber of
electrons and ho] es) and the carri ers have not yet had time to
move . Following this state | s a rearrangecment of carriers (a
charge scparation) resulting in sowme of the previ ousl Y unshi el ded

1 bur i ng

impuri ty i ons becomi ng shi el ded, anti the DR col | apses.
the col 1 apse, the DRB moves up (at. 1 east concept uval 1y, it might
not be def ined duri ngt hi s tiwe) while ho] es are simultaneously
pushed down bel ONthe DRB . Al holes initially liberated in the
pre-ion-hit. pr end up in the (now larger) t: 0 guasi-neutral epi
regi on. Quasi -neutral ity insures t-hat this supply of holes is
accompani ed by a nearl y egual number of el ect rons. As far as the
nunber of €] ecct rons | n the t: O epegi on i s concern ed, the end
result i S the sane as i f the DRB noved up, 1 eaving al 1 carri ers
in the pre-i on-hit DR behi nd so that t hey now f i nd t hemsel ves i n
t he quasi -neutral epiregion. When t.here’ js a nearly comp ) el e DR
col] aps ¢, there i s no sharp distinction bet ween carriers 1] berat -

ed j n the DR and tho se 1 iberaledint he t: 07 guas i-ncutral epj
regi on, both groups end up i nt he s O quasi - neut ral epi regi on. 2
This st atement j s consi st entw thal 1f igures showing ¢ (t). 7The

amount of” charge 13 berated i n the DR has no speci alsignif icance

1. Computer simulations show & very fast current "hl ip" that
mght. be associate] wi th t hi s charge rearrangement (possibly a
Capacitance ef’ feet, ) . But this current b] i p has not. yet been f ound
to significantly contribut ¢ t © col lected charge. Most charge
col 1 ect i on occurs duri ng t he recovery st age .

2. There i s not even a sharp di st inction in terms of ¢ol lapsing
the DR . Carriers 1 iberat edoul side of t he DR can dif f use i n and
produce a co] 1 apse. This was predict ed theoret i cally for st eady -
st.at econditions [.9] and verif icd by P1SCES for t ransi ent  condi -
t i ons.
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in any of the curves.

Now consider carriers liberated in the HI.. The collapsing DR
result s in a volt age across the HI, that acids to the built -in
potential . The result is a strong electric field in the HI, that.
wil 1 drive electrons into the quasi- neutral epiregion until the
carri er density gradi ent in the Hl, is large enough for the diffu -
Sj on current t 0 ne arly bal ance the dri ft current . AS soon as thi s
near - bal ance occurs, the nunber of electrons in the HI, i s much
less than the t:= 0 value, nearly al 1 have moved j nto the quasi -

neutr al epi regi on.

We conclude from the shove d i scussi on that the nunber of el ec-
tron s in the t = 0 quasi -neutral epli region i s simply 0yiy, /4, the
number 1i berat ed above t he HILB2 . let ¢ wi th a subscri pt be the
time integral (from O to t, ) of the current having the sane

subscr ipt. . The final equat ioni S

Qe,drift,l) 4 Qo,djf’f,l) - Qe,dr'if’t.,}l § Qc‘.,djff',}l = Q1ip - (D)

Usi ng

Q(ty) = Qu arirt,n ! Q,aqifr,p (6)

and solving the simultancous cqguat jons consisting of (5), (6),
ant] the. time i ntegrals of (1) thr ough (4) gives

Q(ty) = (1/2) (3 4 no/uy) Qpyy - (*1)

A nunber of assumptions were used to derive (7). The geometric
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assunptions (a centered j on hit at a juncti on Wi th 1 ateral di nen
sions at least as large as the epi thickness) implying a quasi-
one-d di mensi onal probl em are st i 11 assume’'cl, but we now consi tier
what. may happen when sonme of the other assumptions fajil. Oneof
the assunptions was that the substrate can supply carricers tot he
epiregion j n suff i cient gquant | ty to mai "t ain hi gh-densit y condi -
t i ons unt i 1the model PY edi ct ed Q (t ) has been col 1 ected. Thi s
assunption ¢l carly fai 1s if the track 1 ength and/or substrate
diffusion 1length are so short that @ («) (cal cul ated in the next
section) is 1 ess than Q(t, ) cal culal ed from (7) . The actual Q(t,)
nmust be |ess than calculated from (7 )

Another way for the assunpt i ons to fai 1is for the ionl ET to
be too small. 1f we Jook at. t he low-1.ET case shown in ¥igure 8,
we fine] that. the equat i ont hat is most visibly wrong is (1c¢) . The
¢]l ectron ant] hole de nsit j es arc not near] y equal at the HIB1 | so
the drift currents are not. in the ratio of’ the mobi 1l it. ies. The

proper rat. i 0 of dri ft. currents cont ai nsanot her f actor, whi chis
the rat. i o of the ho] e densi ty to the €l ectron density. 1 f we set
a fudge factor f equal to some kind of t I me anti radi al average of

the 1 atter rati o, (1c¢)is rep] aced with

Th, arift, n ° (B TR "o arift ,n (8)

and repe ating the previ ous anal ¥ is gi Ve g

O(ty) = 2[(F 4 fa/iy) /(1 4 31)] O3y, - (9)

The value of f at the par ticular t ime and radi al coordi nat e
represent ed in Figure 8 ] s about 1. 7. 1t. is not obvious what
val ue repre sent s a tine and r adi al  aver age, but the' Value 2.6

produc e¢s agrecment Wi th the col 1 ¢€C t ed charge shown i N ¥i gure 7 .
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1t should be noted t hat. the high-density model i s an ideal i za -
tion that even an | H’ of 4 0 does not produce. The same consi dera -

ti ons just discussed for the low-1.ET case also apply t o hi gher
Ikrs, but, to a lesser- extent . Figure 3 suggest s that the approxi -
mat i ons should be good, but this figure refers to a radi al coor-
dinate of zero, where the carr | er density is greatest. At. 1 arger
radi al coordi nates, the ratio of hole to electron drift currents
at. the HII31 wi 13 di ffer from the ratio of mobi 1 iti es. [Ilc’ cause’ of
a large HIB1 area, the contr ibut-i on to surface i nt egrate d hol e.
dri ft current. from the 1 arger radi a] di stances i s not negl igibl e.
| n general , the nodel predict ion is expect edt o be a n upper hourd
for the actual Q (tr) . Thi s upper bound IS most ¢l osel y approached
by high -1.ET ions having a long range in a substra te havi ng a
relatively long ]l ifetine. Deviations fromt hese condi tions tend
to reduce the actual ¢ (t-r) . Model accuracy coul d be | mproved by
using an enpirical fudge factor f in (9) . Values of f that. fit

sone dat. a (see. Sect ion14) range from1l . 5to2. 6.

1t. shoul d be point ed out. that. t he predi cted Q (t,) scales with
i onl ¥r, but eveni f the model was equal 1 y accurat e f’or any 1Ek7,
t hi s would stil 1 not inply that col lect ed charge up Lo a given
timet, scales with IrET. Wen comparing 0 (t ) f or dif f crent cases,
we are compari ng Q at corresponding tines but. di f ferent times.

Charge col 1 ecti on can be faster f or one case than for anot her.

9. A Model for Q(w)

Unl i ke the hi gh - densit y model for ¢(t,), the proposed model for
® Q%) appears (judgi ng f rom several P1 SCES exanpl ¢s) t o be accu -
ral ¢ and appj icabl ¢ to al | cases, | ncel udi ng the p=nt n* di ode. No
fudge: fact ors are needed to inprove accuracy. The proposed model
i S obvious; we add to Q7 3p *the charge that. dif fuses from the
s,~),t.rate> to the epi 1 ayer. But the dj ffusi on current depends on

boundary condi i ons at. the H1 B2, soi t i sirl:;t.rueti veto 1l ook at
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the riscks predicted carrier densities shown in Figure 3. This 1S
the baseline case prior to DR recovery. The electron density in
the substrate at this time is alnbost as large as the doping
density, and wi 11 be even larger at earl ier times. Use of the
mnority carrier diffusion eguation to describe carrier densities
and electron diffusion current may secem questionable. But the
figure refers to a zero radial coordinate where the carrier
density is (greatest. At lJarger radial distances and/or at later
times, the mnority carrier diffusion equation wll clearly apply
to this exanple.

Given that the mnority carrier current from the substrate to
the epi region is diffusion, as predicted by t-he: minority carrier
diffusion equation, the inportant observation from Figures 3, 5,
8, 11, and 14 is that the HIB2 is a sink-like boundary for minor-
ity carriers. This means that the diffusi on current does not
depend on conditions inside the epi layer, and is therefore easy
to calculate under simple geometric condit ions. If the ion 1LET is
nearly uni formand if the track 1 ength in the substrate, as well
as all substrat e dimens ions, | S much great er than the substrat e
di ffusion |length, the number of wi nority carriers that. aif’'fuset o
the sj nk-like boundary HIB2 jS sinply the number 1 i berate’ cl wi thin
a mi nori ty carrier aif fus jon length fromthi s bhoundary. Therefore
Q(w) is estimated, for these sinple ge ometric conditi ons, to be
the charge 1 iberated in the region that includes the epi 1 ayer
and extends an additional diffusion length below the epi layer.

For the nore general casc of a nonaniform 1L.ET and/or a short
irack, WwWe can numerically inlegrate contributions from irack
sections, or find anal yt ic fits t o 1k7 or range dat a so t hat. the
integral can be evaluated analyt i cally. kit her way, we needt o
know the amount of charge that di ffuses tot he epilayer, 8Qq5rr,
when snot-her amount of charge , 68Q, | s iberated a perpendi cul ar
di stance Yy below the epi layer. A simple diff usion analys is,
appl i cable when the subst rate dai ff usi on | ength, Tiye ] S smal)
compared to al 1 subst rat ¢ dimnensiens, concludest hat the equat i on




Sdeff = E\x}i)(“Y/]n[)) 8Q . (|0)

10. Comparison Between Model Predictions and PISCES Resulils

When conparing model predict j ons to P1 SCES results, we shoul d,
for interns] consi st ency, use the same nobil ities and 1 1 fetines
that P1 SCES used. Tt is possible to make PI SCES pri nt. out these
guant it its, anti it was found t hat the el ectron and hol ¢ mobilj -
tj esi nthe epil ayer for the bossel i ne probl em were 13:10 and 495
cm?/V-scc, respectively. The value of Q(t,) , Wthout. the fudge
fact or, ] S cal cul at ed from (“/ ) to be about 1.8t imes 01 iph- This

shou 1 d be an upper bound for t he act ual Q (t and shoul @ apply to

)
both the base] i ne case and the reduced I BT ];asc: . The Val ue? of
Q(t) Cal culat eq f rom PJ SCES | s found from ¥Figures 2 and 7t o be
about 1 . 3and 1. 2times Q543 f or the basel ine and reduced ILET
cases , respect. i vely. As expect ed, t he bas el i ne case comes ¢l 08 er
to the model predi ¢t i on. The val ues for the f udge fact or f needead
to make (9) agree Wth Pl SCES are 2.1 anti 2.6 f or the basel ine

anti reduced 1LET cases respect ivel y.

For t he i ncreased dopi ng case, the el ectron and ho] e mobilit. | es
in the epi layer were: 1076 arid 461 cn®/V-secc, respect ivel y. The
) W t hout the fudge fact or , is about.
1.67 times Q4. The value calculated by Pl SCkS appears, from

calculat ed value of Q(t

Figure 13, to be about 1 .25 t. i mnes 0y 4p + The value of f needed to
produce agrecenment. i s about 1 .95.

1t i si nterestingt hat dal a presented by bodd et al . [ 1] are
consi st ent Wi th our own PI SCES pre dictj ons, al thoughi t. | s not
¢l ear what the mobi li ties werce beca use €CS model s were used .
Referri ng to Figure 5 of t he hodd paper , Q(t,) appPe ars to pe

about. 1. 1pC. This was produced by a 100 MeV ¥e j on (I, B¥= 29) i n a




2.5 um epi layer, so0 Qy4,~0.-/5 pc and O(t,. ) is about 1 .5 times
Qjp+ If we pretend that the mobi 1 i ties are in the sanme ratio as
those used in our own simulat ions for the baseline case, we find
that the val ue of f needed to produce agreenent is 1 .5.

To est imate Q (w) , we need the ni nori ty carrier dai f fusi on 1 ength
in the substrate. The! el ectron and hole mobi 1l ities used by Pl SCES
in the substrate were 252 and 178 sz/v_ sec, respecti vel y. Based
on arbitrary data that we suppl i ed, P] SCES calculated the 1 ife -
time in the substrate to be 4“/ .6 ns. Thi s produces a mnority
carrier diffusion length of 5.6 um for al 1 nt-p-p* diode cases.
Adding this to the 5 um epi thickness, the estimated values of
Q(w) are 2.12 times Qy;,, for al 1 such cases. Fo r the p'-n-n’
di ode, Q(«) is est imated to be 1.94 tines 944, . Compari ng these
predictions to Figures 2, 7, 10, and 13 shows reasonably good

agrecement for al 1 cases.

11. A Two-State Picture of Funneling

1t. was found that., even under hi gh-densit y condit i ens, funnel -
I ng somet | mes occurs and someti mes does not . 1 t i s reasonabl e to
ask why there are two pos sibi 1l ities. Thi S gues ti on was guanti ta-
tively answer-ccl for bulk di odes under st.cacly-st.sic: conditi ons
[ 8] , but. mathematical compl exit y obscures physi cal understa nding.

An intui tive pi cture can be obt ained by ignori ng the fact that

there are di fferent degrees of DR col | apse and pretendi ng that
on] y two st at es are possible: f unneli ng and no-funnel i ng. The DR
is either complet el Yy col lapsed Of compl etel y intact . The epi

di ode appear-s tobe qual i t atively simil ar t o the bulk di ode, With
the H, in the epi diode subst it ut ing for the! HRR in the bul k
di ode. The bulk case i S di scussed because conclusi ons are sup -
ported by quant | tative anal ysi s.

Fi rst consi der the HRR, which i S @ regi on adjacent to t he 1 ower

clect rode. In real ity, the HRR a) ways has a smal 1 conducti vi ty



(conpared to the region above it under high-density Conditions)
but it can have various w dths ant] support various voltages. But
in this two-state picture we wll visualize the HRR as a fixed
regi on which can have different conductivities. The nbDst obvious
state possible for the HrrR if the track is long enough to come
near it is to be flooded with carriers, i.e., it is shorted and
supports no voltage. But another state is also possible, Given
that there is (sonehow) a large voltage across the HRR, a strong
electric field prevents minority carriers from entering and
drives out those already present. Quasi-neutrality insures that.
there are essentially no excess majority carriers, so the conduc-
tivity is low. This is a self-sustaining state. A strong electric
field maintains a |ow conductivity which maint.sills a strong
electric field.

Simlarly, one state possible for the DR is to be flooded
(shorted), but. another possible state has a strong electric field
that. sweeps out. carriers and kceps the density below flooding
levels. Wien the DR ant] HRR are in series, they can both be
shorted momentarily hut., in the absence of a current limting
external resistance, they cannot both remain in shorted states
(the region separating them supports little voltage). o©Only one
can remain in a shorted state anti the other is forced into a
voltage-supporting state. |f the DR is shorted we have funneling,
if the HRR is shorted we do not .

One? obvious conclusion from the above? discussion is that the
occurrence of funneling depends on the location and length of the
jon track. If a high-density track is localized near the DR, the
DR Wi ll have the stronger tendency to short and funneling occurs.
If the track i s local iz e¢d near the HRR (this is possible if the
track i s produced by a proton-i nduced nucl ear reaction product) ,
t he HRR has the stronger tendency to short and funnel i ng does not

occur.

This picture, combined wWth some additional in format i on, can
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explain why funneling iS so marginal fo r the increased doping
case shown in Figures 13, 14, and 15. As already noted, the
explanation is not sinmply that. there is a reduced ratio of track
density to doping density, because an even smal ler rati o produced
strong funnel ing f-or the reduced LET case. The proper explanation
invol ves a property of the? DR Under |lowdensity conditions, the.
DR is characterized by a near bal ance between drift and diffusion
currents. |In fact, equating total electron and hole current s to
zero is a sinple way to derive the class ical | aw of the junction,
which relates carrier density to potential . In order to flood or
collapse a DR, it is necessary for total mnority carrier current.
to be nonnegligible compared to the individual drift ant] diffu-
sion conponents. 1Increased doping produces increased dri ft and
diffusion cur-rents, SO0 the current requi red to co] lapse the DR
increase s.. The DR becomes more dif f i cul 1. t o short whi 1 e the HRR
(or nu for epi diodes) becomes ecasi er to short. The relat ive ease
of ' short i ng the two regi ons shi fis wi th | ncreased dopi ng . Hence,
funnel ing i s nore Aiff iculti to induce when the doping is in-

creased, eveni f' ion 1 ET is i ncreased by the same rati o.

Although not intuit ively obvious (there is a mathematical

explanation [8] ) , the HRrR has a stronger tendency to short when
the substrate i s n-type than for the p-type case, even when
doping densities are selected so that both types have the same
conduct. iviti es. Compared to the p-type case, funnel i ng for the n-

type case requi res carrier gene rati on to be closer to the DR. |f
carri ers are generated under st cady-stat e conditi ons, funnel i ng
does not occur i n the n- type substrate when the generationi s
spati al ly uni formthroughout t he di ode, but. can occur for the p-
type case . PI SCES result s show 1 hat, f-or epi di odes under t ran-
sient conditions, funneli ng does not. occur j n the n-type di ode
when the track is uni form i n the epilayer, but can occur for the
p-type di ode.
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Techniques pioneered by McNulty et al. [11] were used to neas-
ure col lected charge? from an n-type substrate epi cMOS SkRaM, from
al pha particles havi ng sever-al energi es. A charge-sensing pream-
pl ifier was Connected to the device supply 1i ne and a hi stogram
of the resulting pulse distri bution was collected by a mult i-
channel anal yzer (McA) . By monitoring the sum of current s from
all nodes, the device simulates a large-area diode. The ti ne.
scal e used for the neasurenents was too 1 ong to reach any concl u-
sions regarding O(t,), but Q (x) was neasured. Col 1 ect ed charge
measurements were? taken from McA peak cent ers and cal j brat ed
using a surface barrier detector. The 2 Mev alpha part icles
resulted in broad peaks due t o variat ions in overl ayer stopping
t hi ckness. Peak centers were determined by center-of.-mass type
cal culations. 7he peaks are much sharper for higher energi es.

The device had a grown epi thickness of 9 um, which should
reduce? to about & um aft er processing [ 12 ] . Overl ayer thi ckness
and substrate dif fus i on 1 ength are unknown hut can be i nferred
fromthe data. overl ayer thickness 1S relevant (at low energi es)
because | t af feet. s ] on 1kl ' and penctrati on depth bel ow the over -
lJayer. Est imates of the vari ous thick nesses are those values that
make the nodel -predicted @ () agree wi th neasurenments . NMbdel
predictions were cal culat ed by first. using TRIM to calculate
al pha parti ¢l e energy versus travel di st ance in silicon. These

data easily calculate ¢ when overl ayer thi ckness, epi thick-

epi
ness , and init i a] alpha part i c¢le. encrgy are assume cl. For j on
tracks 1 ong enough to go through the epi , charge di ffusing to the

ePj + Qqirre Nust al] so be cal cul ated. A numericali ntegrat i on suns
Cent.rj butions f rommany smal 1 t rack se ¢t dons, wit hoRI Mresul is

used to calcul ate §¢ f or each sect ion and (2 0) used to calulat e

6Qqirr:

Very good agreement betl ween model predi ¢t i ons and mecasure ment

was obtai ned using a 4 um average overl ayer t hi ckness, a 5 pum epi




thickness, and an 11.% um substrate diffusion length. Note that
overlayer thickness includes all dead layers and is a silicon
equivalent, which wll be larger than actual physical dime nsions
if there are any very dense Structures. Furthermore, the device
was planarized, which also tends to increase overlayer thickness.
Therefore, the 4 um estimate is credible. A comparison between
nodel predictions and mneasurcment iS shown in Figure 17. The very
good agreement using the expected epi thickness tends to validate
the nodel. Qher epi thicknesses cannot produce such good agree-
ent., no matter how the other paraneters are selected.

Additional validation was obtained from a second device, iden-
tical to the first except that a very large fluence from very
heavy ions (a result. of many latchup tests) degraded the sub-
strate lifetime. Using the samc overlayer and epi thickness used
for the first device, but selecling substrate diffusion length to
fit the data (2.5 um), produced the comparison shown in Figure
18. The charge -collect iondepthis small for this device, hence
it. collects much less charge at the higher energies than the
first device. Collected charge for the second device decreases
with increasing energy above. 3 McV because track length is. longer
than the charge-co] 1lect ion depth and j on 1,ET decreases with
increasing energy. A less-ithan-perfect fit between nodel predic-
ti ons and measurement | s attri buled t0 a smal ] recombi nat i on 1 oss
in the epi layer. The f | t J S good enought o add addi i onal credi -

bilj ty to the model .

13. Conclusi _oOn

A proposed upper bound for g (t ) j s the value cal cul at ed from
(7). The nodified equati on (9) would give a nore accurate esti -
mate , except that. f j s unknown . ¥From a pract i cal poi nt of Vi ew,
the nodified equationis useless | f we have no idea of what. the
numerical value? of f is. From an academi ¢ poj nt of vi ew, the
equat ionj s i nf ormat ive becaus ¢ we know what f represents. 1t is
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an average ratio of hole density to electron density at the HLB1.

We also know the conditions that. tend to make f increase or
decrease. 1t decreases and approaches 1 in the high-density
linit.. We can also see from (9) how f influences 0(t,). Compared
to a lJow-LET ion, a high-~I.ET ion produces a snmaller f and the
actual Q(t,) is nore nearly equal to the upper bound calcul ated
from (7). However-, even a very high-I.ET ion cannot sustain condi-
tions resembling the high-density limit for the required time if
the track length in the substrate and/or substrate 4 if fusion
length are negligibly small . In this case, the actual Q(t,)
cannot exceed Q; y-

The time dependence of charge co0] lect ion is influenced by
funnel ing and changes when condit ions change, but. the total
amount col 1 ected, Q(®) , is simpl c and cal cul at ed the same way f’or
al 3 cases. Judging by several Priscrks exanples, a reasonably
accurate estimate is obtained by adding to Q;, the anount of
charge that di ffuses fromthe substrat ¢ to the. epil ayer.k xperi
mental data are consistent wWith this nodel . From a practical
point of view, it is unlikely that we will have an accurate
est. imat e of the substrate ai f fusion lJength in a real device
unl ess €0] 1 ected charge | S meas ured, so estimates of Q(w) wil 1 be
uncert ai N.  From an acadeni ¢ point of view, the simpl icity of the

model i s very appeal |ng.

Col lected charges were conpared f-or several changes in condi -
tions. A compari son between diff erent | on 1L.kE1s when al 1 other
condit | ons are the same is shown in Figure 7 . 7The asymptoti ©
values of Qarc! nearly in the ratio of the 1, ¥I's. But the low] KT
case produces a faster DR recovery. Therefore, when conparing
col 1 cct ed charges at t he sane ( not. correspondi ng) and ear) y t ime ,
thisrat. i 0 isS not observed . For exanpl ¢, F'i gure 7 shows a rat i o
at 0.1 ns of 24 inste ad of 4o0.

The ef feet of increased epi doping is shown i n Figure 13. Only
margi nal funneling occurred for thi s case. ‘I’ he conpari son that
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may be the nbst i nteresting i S shown in Figure 1 0, Whi c¢h compares
the two diode types. The values of Q(») are conparable, but. the
pt-n-n* diode does not show a funneling regine, and charge col-
lection at early tines is at a reduced rate conpared to the other
case . It was found that. the DR was able to resist collapsing even
t hough the carrier density at the! DRB greatly exceeded the doping
density. ‘I’ his observation is consistent wWith quantitative theo-
retical predictions. A two-state picture makes gualitative
cause/ effect relationships easier to visualize.
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FI1 GURE CcAPT1 ONS

Figure 3: The diode and ion track defining the baseline problem
(not drawn to scale).

Figure 2: Collected charge as a function of tine for the baseline
problem and for a bulk version of the problem The horizontal
line is the charge liberated in tihe epi layer.

Figure 3. Electron and hole densities for the baseline problem at
time t; shown in Figure 2.

Figure 4: Potential for the? baseline problem at tinme t; shown in

Figure 2.

Figure 5: Flectron and hole densities for the baseline problem at
time t, shown in Figure 2.

Figure 6: Potential for the baseline problemat. time t, shown in
Figure 2. Of-scale arrow indicates that the first potential
difference IS across the entire DR.

Figure 7: Collected charge as a function of tine for the reduced
IET problem Also shown is the normalized (divided by 40) curve
for the baseline case. The horizontal line IS the charge liberat-
ed in the epi |ayer.

Figure 8. FElectron and hole densities for the reduced LET' problem
at time. t, shown in Figure 7.

Figure 9: Potential for the reduced 1. BT probl em at. time t, shown
in Figure 7. Of-sea] e arrow i ndi cates that. the f i rst potent i al
di fference IS across the entire DR.



Figure 10: Collected charge as a function of tine for the. p*-n-n’

diode. Also shown is the curve for the baseline case. The hori-
zontal line is the charge |i.berated in the epi | ayer.

Figure 11: Electron and hole densities for the p'-n-n" diode at
time t, shown in Figure 10.

Figure 12: Potential (With reversed sign) for the p*-n-n' diode
at tine t; shown in Figure 10.

Figure 13: collected charge as a function of’ time for the in-
creased epi doping problem Also shown IS the curve for the
baseline case. The horizontal line is the charge liberated in the
epi | ayer.

Figure 14: Electron and hole densities for the increased epi
dopi ng problem at time t; shown in Figure 13.

Figure 15: Potential for the increased epi doping problem at tine

t, shown in Figure 13,
Figure 16: The eight current components at the tw guasi-neutral
epi region boundaries . Arrows indicate directions that nmake all

components positive for n'-p-p' diodes.

Figure 17: Comparison between predicted and measured Q for an epi
SRAM .

Figure 18: Same as Figure 17 except that the SrRAM has a degraded
substrate l1ifeti ne.
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Figure 1: The diode and ion track defining the baseline problem
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Figure 2:
problem and for a bulk version of the problem
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except that the SRAM has a degraded




